already been published concerning the use of insoluble polyIn this work, the colloidal stability of a pharmaceutical ethylcel-mers as drug vehicles in very different fields, such as ophlulose latex, Aquacoat, is analyzed by means of turbidity measure-thalmology (1), immunology (2), or cancer treatment (3, ments. The effects of both electrolyte (KCl, CaCl 2 and LaCl 3 ) 4). Although the colloidal behavior of polymer colloids has concentration and pH on the stability are considered, and it is been thoroughly investigated for over 30 years, the rigorous found that at pH 4 (6), the critical coagulations concentrations requirements concerning toxicity and biodegradability, when candidates to be used as drug transport substrates. One of the Hamaker constant, A, characteristic of the van der Waals interaction between the particles in suspension, is calculated from them appears to be Aquacoat, an ethylcellulose latex, commeasurements of the surface free energy of the polymer, based on mercially available and often used in pharmaceutical applicontact angle measurements of selected liquids on polymer pellets. cations; we have studied some of its surface properties in Concerning the electrostatic contribution to the total interaction previous works (5-7).
INTRODUCTION
The classical DLVO theory of the stability of lyophobic It is well known that, among many other applications in colloids was independently developed by Derjaguin and pharmaceutical technology, polymer colloidal particles can Landau, and Verwey and Overbeek (8) on the basis of the be useful as drug delivery systems. In fact, results have existence of two types of interactions between pairs of particles: one is repulsive, and is due to the electrostatic forces 1 To whom correspondence should be addressed.
between similar electric double layers; the other, attractive, is a direct consequence of London-van der Waals intermo-particles, taken as 1.58 { 0.08 Å (19) . The most important lecular forces. quantities in [3] are, however, g /,0 s,l : they characterize the In this work, we will use the following expresion for the capacity of the solid or the liquid to accept (g / , Lewis acid) van is a contribution related to the van der Waals [1] , A is the Hamaker constant, depending on the nature of interaction between the molecules of the material; the paramthe particles and composition of the liquid medium; l is a eters g /,0 i are intimately related to the thermodynamic charcharacteristic wavelength of the interaction (the value l Å acteristics of the interface. Equation [4] can be easily gener-100 nm will be used, see Refs. (9, 10)), and b is constant alized to the free energy of interaction between two phases equal to 5.32. It must be added that Eq. [1] is valid for H in contact along an interface (a solid/liquid interface is as-Ӷ a and is acceptable up to H á 0.1a.
sumed): As to the repulsive double-layer interaction, a classical expresion (11) , valid for ka ú 5 (k is the reciprocal doublelayer thickness) and low surface potentials, will be used in
The validity of Eqs. [3] [4] [5] has been checked for many different systems, and it has been found that this is a reasonwhere e r is the dielectric constant of the dispersion medium, able approach to the surface or interface free energy for low e 0 is the permittivity of a vacuum, and C 0 is the surface surface energy systems (16) (17) (18) (19) (20) . However, it is not only potential. No significant differences were found, for our exthe parameters g /,0 s,l that have interest in the stability of perimental conditions, between this equation and the more disperse systems; the Hamaker constant, relevant to the van accurate one obtained by Ohshima and Kondo (12) .
der Waals interaction between colloidal particles is related But this scheme (total energy Å attractive van der Waals to g LW sl through the expression / repulsive electrostatic) may be incomplete in some cases: other forces can be present that are neglected in the classical DLVO model and could play a determinant role in ex-
[6] plaining the stability of disperse systems. Recent works, both experimental and theoretical (13) (14) (15) (16) s,l can be independently the existence of additional, non-DLVO, forces which can be estimated, it should be possible: (i) to calculate the acideither repulsive, attractive, or even oscillatory, and predomi-base component of the total energy of interaction between nate over DLVO interactions at short interparticle distances. dispersed particles; and (ii) to obtain a value of the Hamaker According to a recent model (17) (18) (19) , such forces can be constant that can be compared to that deduced from dielectric quantitatively described assuming that they are a conse-spectra determinations (21) or from stability measurements. quence of the Lewis acid-base characteristics of both the In fact, the quantities g
s of the solid can be solid and the liquid medium, thus being polar, nonelectro-obtained if those of the liquids are known; this can be done static, interactions. The following expression has been pro-using the version of Young's equation (17-19, 22, 23) posed to account for them (14, 15, 20) :
. [3] [7] In this equation l 0 is a distance corresponding approxiwhere u is the contact angle of a given liquid (with surface mately to the correlation length of the liquid molecules; its tension g 1 ) on the latex surface; using literature values for value is mainly obtained empirically, 6 Å being a reasonable figure for ionic solutions. H 0 is a critical distance between the the parameters g LW l , g / l and g 0 l , the surface free energy components of the solid can be obtained by solving a system was the average of 30-35 measurements obtained by placing several drops on different pellets. of three equations like [7] for three different liquids.
RESULTS AND DISCUSSION EXPERIMENTAL

Stability of the Suspensions Materials
Using the method described above, plots of the turbidity The polymer dispersion used, Aquacoat, is a registered t versus time t can be obtained for each electrolyte concentrade mark of FMC Corp., USA, and was kindly supplied tration; from the initial slope of such plots, (dt/dt) t r0 , the by Foret, S.A., Spain. It is manufactured by etherification experimental stability ratio of each system can be determined of natural cellulose in alkaline medium with ethylchloride. as (26) In order to enhance the stability of the latex, the final formulation contains approximately 1.3% sodium dodecyl sulfate (SDS) and 2.5% cethyl alcohol (24 (5); their average diameter is 340 { 40 nm, as determined from both scanning electron micrographs and dynamic light scattering (Malvern 4700c where the subscripts ''r'' and ''s'' stand for rapid (i.e., Submicron Particle Size Analyzer). diffusion controlled; the maximum value of the potential Water used in the preparation of the suspensions was first energy of interaction between two particles is V max Å 0) and doubly distilled and then deionized and filtered through 0.2 slow coagulation (V max ú 0). mm membranes in a Milli-Q Reagent Water System (Milli- Figures 1-6 show the variation of W with electrolyte pore). All chemicals were analytical quality from Merck concentration and pH (these figures also include the theoretiand were employed without further purification.
cal data to be discussed below). Regions of significant colloidal stability (W ӷ 1), low stability (W ú 1), and complete instability (W É 1) are clearly observable. The effect of the Methods increase in either electrolyte concentration is to decrease the It first appeared necessary to better control the composi-stability of the latex dispersions until a given concentration tion of the dispersion medium of the original latex by clean-(the critical coagulation concentration, or c.c.c.) is reached; ing it and reducing it to a minimum its surfactant content. For higher concentrations do not essentially affect the stability this reason, the latex was repeatedly centrifuged at 27,000g of the systems; any potential barrier between particles is (Kontron T124 high-speed centrifuge) and redispersed in completely absent for concentrations greater than c.c.c. The water until the conductivity of the supernatant was below 3 experimental c.c.c. values deduced from Figs. 1-6 are summS/cm. This ''clean'' material (with a solid concentration marized in Table 1 ; the classical significant effect of the of É10% v/v) was used for the preparation of the suspen-counterion valency on the c.c.c. is observed. Also, the fact sions to be studied, with volume fractions of solids É5 1 10 04 (for electrophoresis) and É5 1 10 03 (for stability determinations).
The stability of the suspensions was spectrophotometrically determined with a Spectronic 601 Milton Roy Spectrometer, set at a wavelength of 550 nm. The procedure used was as follows: 3 ml of suspension was added to a square cuvette of 1 cm path length, and the optical absorbance was recorded; a small volume (0.17 ml) of the coagulating electrolyte solution was rapidly added (see details in Ref. (25) ; the solution is added in less than 0.5 s) to the cuvette and the time evolution of the absorbance or turbidity was recorded at a rate of 50 readings per second.
The electrokinetic potential of the polymer spheres is deduced from electrophoretic mobility measurements performed with a Malvern Zetasizer 2c apparatus.
Contact angles of selected liquids were measured with a Ramé-Hart 100-07 goniometer, at a temperature of 25ЊC, on pellets obtained by pressing dry samples of the latex at 10 that the (negative) surface charge of the latex increases with decrease the absolute value of z upon increasing concentrapH (particularly between pH 3 and pH 7; see Ref. (5) given electrolyte. Only when LaCl 3 solutions are used, the M. This behavior has been previously reported for other c.c.c. is almost identical at pH 4 and pH 6, probably as a polymer colloids, particularly polystyrene, and a number of consequence of the low surface charge attained by Aquacoat explanations have been offered for it; however, the most at pH õ 7 in the presence of La 3/ cations. This subject will reasonable one seems to be related to the existence of ionic be further discussed below.
conductance in the inner part of the double layer (30). The In this work, as often done by other authors (10, 11, 27 , fact that the maximum in ÉzÉ is only found at pH 6 (and 28), the electrokinetic or zeta potential (z) will be consid-not at pH 4, when the polymer surface charge is quite low, ered as representative of the surface potential of the particles. see Ref. (5) , points to the correctness of arguments related The theory of O'Brien and White (29) will be used to com-to anomalous surface conductance. When the electrolytes pute z from experimental data on the electrophoretic mobil-are CaCl 2 or LaCl 3 (Figs. 8 and 9 ), a monotonic decrease ity of Aquacoat suspensions. Results are shown in Figs. 7-in ÉzÉ is just observed, also in agreement with previous 9, for each electrolyte. The effect of KCl at pH 4 is to findings. pensions as a function of LaCl 3 concentration at pH 4.
2 ). Measurements of contact angles u of these liquids allow the calculation of the surface free energy components of Aquacoat; the results appear in Table 2 together with the experimental u values. As observed frequently with other polymers, our latex is a low surface energy solid (16, (31) (32) (33) ; it is also worth noting that this is an essentially monopolar solid (g Table  2 ), the cleaning method used appearing thus as an effective method to purify the surface of the particles. Furthermore, the presence of SDS and cethyl alcohol molecules on the surface of untreated Aquacoat manifests in a slightly higher value of g / s , due to the Lewis acid character of these compounds, mainly of the hydroxyl groups of cethyl alcohol. A possible explanation for the monopolar character of Aquacoat can rely on the hydration of its surface. Water molecules, strongly adsorbed on the polymer surface, screen The important point, in connection with the present work, to a large extent the Lewis acid character of the surface is that in all cases ÉzÉ decreases as the c.c.c. is approached groups (mainly cethyl alcohol); this idea seems to be confrom lower electrolyte concentrations; the repulsion between firmed by the calculations of g / s and g 0 s for Aquacoat predouble layers will decrease accordingly, this giving a pre-contacted with water vapor: g / s is strictly zero in this case, dominant role to the attractive component of the total energy whereas g 0 s increases and approaches the value correspondof interaction. This fact will determine a large rate of coagulation (W close to unity, Figs. 1-6 ) and a greater efficiency in the production of particle aggregates after collisions.
Surface Free Energy of the Polymer: Contact Angles
As described above, we will try to characterize the solid surface and its interaction with the dispersion medium by carrying out reasonably supported estimations of the surface free energy of the latex. According to Eq. [7] , it will suffice to measure the contact angle of selected liquids with known g tion at pH 4 (ᮀ) and pH 6 (छ). on the AB contribution is in order: as observed, it is a rather ing to water (Table 2) , this indicating a great capacity of the short-ranged attractive interaction, that can be much larger, latex particles to surround themselves with water molecules.
in absolute value, than the LW component. Its presence sigData in Table 2 will allow us to discuss the stability of nificantly alters the shape of V -H curves, as demonstrated Aquacoat dispersions in the next paragraph. However, as by other authors working with entirely different systems indicated by Eq. [6] , we have also obtained enough informa- (19) . This can be clearly seen if theoretical log W concentration to estimate a value of the Hamaker constant, A, of the van der Waals interaction between Aquacoat spheres. The result is The shape of the curves is well known, and only a comment Concerning the c.c.c. values deduced from Figs. 1 and 2 (see Table 1 ), an excellent agreement is found between the classical model and experimental data, whereas, as mentioned above, the stability of the suspensions is clearly underestimated by the extended version of the theory. The increase of electrolyte concentration should lead to a large decrease of the strength of acid-base interaction, so that only van der Waals forces must exist between the particles, together with a small double-layer repulsion.
The effect of CaCl 2 concentration on log W is plotted in Figs. 3 (pH 4) and 4 (pH 6 ). In these systems, the differences between experimental and theoretical slopes of the stability ratios are not so large as in the case of KCl. Furthermore, the extended model approaches more closely the experimental data, whereas the stability of the suspensions is again overestimated by the classical DLVO theory. The critical coagulation concentrations predicted by the extended calculations (Table 1) with the subsequent increase in V AB (Eq. [3] ). As a consequence, the total attraction between the particles must be where s Å (H / 2a)/a and V is the total (either classical larger, and the suspensions less stable, as experimentally or extended) potential energy of interaction between the found. spherical particles.
In conclusion, a (at least qualitative) better explanation Figures 1 and 2 show the results for KCl at pH 4 and of the stability of a polymer latex like Aquacoat can be 6, respectively. The slopes of the theoretical dependencies found if the classical DLVO theory is extended to include between log W and KCl concentration are clearly different the effect of acid-base interactions between the particles. It from those obtained experimentally: the actual stability of is suggested that the agreement can be quantitatively imthe suspensions is above the predictions of both models at proved if possible effects of the composition of the ionic pH 4 and somewhere in between them at pH 6. This suggests medium on the strength of such interactions are considered. that the acid-base interaction must indeed be considered for
